), and their crystal structures have been determined. Single-crystal X-ray-diffraction intensity data were collected at room temperature using MoK␣ radiation and a CCD-based area detector. The crystal structures of the four compounds were solved by direct methods and refined by full-matrix least-squares techniques on the basis of F 2 for all unique reflections to agreement indices (SrUP11, SrUAs11, synthetic heinrichite and synthetic meta-uranocircite I) R1 of 3.6, 5.2, 4.3 and 5.2%, respectively. These compounds contain the autunite-type sheet of composition [(UO 2 )(XO 4 )] -, X = P or As, which involves the sharing of equatorial vertices of uranyl square bipyramids with tetrahedra. The interlayer region contains cations and H 2 O groups, and the sheets are linked by hydrogen bonding and through bonds from the interlayer cations to oxygen atoms of the sheets. SrUP11 is orthorhombic, space group Pnma, a 14.042(6), b 21.008 (9) , Z = 2, D calc 3.45 g/ mL. The structure of synthetic meta-uranocircite I was determined from a crystal twinned by pseudomerohedry, and is monoclinic, space group P2 1 , a 6.943(2), b 17.634(6), c 6.952(2) Å, ␤ 90.023 (7) (Traduit par la Rédaction)
, a été mesurée à partir d'un aggrégat polycristallin, mais sans affinement de la structure. La uranocircite synthétique serait isostructurale avec la heinrichite: monoclinique, groupe spatial P2/c, a 7.01, b 6.9 9, c 21.2 Å, ␤ 103.9°, V 1008.4 Å 3 , Z = 2, D calc 3.45 g/mL. La structure de la méta-uranocircite I synthétique, déterminée à partir d'un cristal maclé par pseudoméroédrie, est monoclinique, groupe spatial P2 1 , a 6.943(2), b 17.634(6), c 6.952(2) Å, ␤ 90.023 (7) (Traduit par la Rédaction)
Mots-clés: autunite, heinrichite, métaheinrichite, uranocircite, méta-uranocircite I, méta-uranocircite II, uranospinite, phosphate uranylé, arsenate uranylé, structure cristalline, synthèse par gel, synthèse hydrothermale. Leo (1960) and Volborth (1959) , respectively. Synthetic strontium uranyl phosphates and arsenates with various states of hydration have been characterized by Weigel & Hoffmann (1976) and Chernorukov et al. (1996) , and the structure of synthetic Sr[(UO 2 )(AsO 4 )] 2 (H 2 O) 8 , SrUAs8, was presented by Pushcharovskii et al. (2003) . In contrast to the rarity of strontium in uranyl minerals, barium is an essential element in a dozen uranyl minerals (Gaines et al. 1997 , Mandarino & Back 2004 , of which the barium uranyl phosphates and arsenates that contain the autunite-type sheet are the most common species. In spite of a long history of investigation of these minerals, the literature is in many instances not in agreement about their characteristics, probably because of their ease of dehydration and rehydration under differing temperature and humidity conditions. For the system Ba-U-P-H 2 O, the early work was reviewed by Frondel (1958) , and further descriptions were reported by Nuffield & Milne (1953) , Donnay & Donnay (1955) , Walenta (1963 Walenta ( , 1965a , Weigel & Hoffmann (1976), and Chernorukov et al. (1997) , whereas for the system Ba-U-As-H 2 O, data were presented by Gross et al. (1958) , Walenta (1965a, b) , Weigel & Hoffmann (1976), and Chernorukov et al. (1997) . Infrared spectroscopic data for these minerals are presented by Č ejka Jr. et al. (1984a Jr. et al. ( , b, 1985 Jr. et al. ( ), Č ejka et al. (1985 , and Č ejka (1999) . As a result of this work on barium-bearing autunite-type compounds, although their absolute states of hydration have not been completely certain, three separate hydrates of barium uranyl phosphate and two hydrates of barium uranyl arsenate are well established to occur in nature: uranocircite, Ba[(UO 2 ) (PO 4 (Smith 1984 , Burns 1999 , Finch & Murakami 1999 . The structures, compositions and stabilities of these minerals are of interest because of their environmental significance. They are widespread and abundant, and affect the mobility of uranium in phosphate-bearing systems such as uranium deposits (Murakami et al. 1997) and soils contaminated by actinides (Buck et al. 1996 , Roh et al. 2000 . Amongst the least soluble of these minerals is the barium uranyl phosphate hexahydrate meta-uranocircite II, with a mean pK sp of 51.8, almost forty orders of magnitude lower than the solubility products of related uranyl phosphates (Vochten et al. 1992) . In the natural oxidation of products of uranium mineralization (in the presence of Ba and phosphate), meta-uranocircite II has been found to immobilize U over long periods and thereby greatly attenuate migration of U into groundwater (Jerden & Sinha 2003 , Jerden et al. 2003 10 . We have not followed this terminology because data for the dodecahydrate are incomplete, and evidence that it occurs in nature is lacking, in contrast to the three lower hydrates, for which we use the nomenclature: uranocircite, meta-uranocircite I, and meta-uranocircite II. The Commission on New Minerals and Mineral Names of the International Mineralogical Association does not appear to have made any recommendations with regard to the nomenclature of the barium uranyl phosphate and arsenate hydrates (www.geo.vu.nl/~ima-cnmmn/). Khosrawan-Sazedj (1982) determined that metauranocircite II has monoclinic symmetry, and presented a refinement in the non-standard space-group P2 1 /a with a 9.789(3), b 9.882(3), c 16.868(3) Å, ␥ 89.95°, R1 = 7.1%. In this setting of the unit cell, the structure of meta-uranocircite II is pseudotetragonal, and this cell can be related to that given above by the matrix [½,½,0/ -½,½,0/001]. Zolensky (1983) disagreed (erroneously) that meta-uranocircite II is centrosymmetric, and refined its structure in a similar non-standard setting of space group P2 1 (R1 = 7.2%), based upon the solution of Khosrawan-Sazedj (1982) .
More recently, Barinova et al. (2003) have suggested a structure for meta-uranocircite I in a non-standard setting of space group P2 1 with a 6.965(3), b 6.964(2), c 17.65(1) Å, ␥ 90°, R1 = 11.0%. This refinement is not of ideal quality: the two Ba positions are half-occupied and too close to each other, seven of the eight symmetrically independent H 2 O groups are partially occupied (yielding a total of 6 H 2 O per formula unit), and the interatomic distances around the U and P positions are outside the normal ranges.
The only other known barium uranyl phosphate structure is that of the synthetic compound Ba 3 [(UO 2 ) (PO 4 )(PO 3 OH] 2 (H 2 O) 0.4 (Guesdon & Raveau 1998) . This structure was synthesized by hydrothermal techniques at 220°C and has a highly corrugated uranyl phosphate sheet that is not related to the other structures discussed herein. 10 , were grown at room temperature over the course of months by slow diffusion of phosphoric acid or hydrogen arsenate, and uranyl nitrate into cation-bearing silica gels contained in U-shaped tubes ( Table 1 ). The gels were formed by the hydrolysis of a mixture of tetramethoxysilane (TMOS) and aqueous solutions of metal nitrates or metal chlorides. This method was modified after Arend & Connelly (1982) , Manghi & Polla (1983) , Zolensky (1983) , Perrino & LeMaster (1984) , Robert & LeFaucheux (1988) , and Henisch (1988 (l) . The reactants were weighed into a 23 mL Teflonlined Parr acid-digestion vessel and held in a Fisher Isotemp oven at 60(1)°C for two weeks. The vessel was then removed and allowed to cool in air to room temperature.
EXPERIMENTAL

Synthesis of the crystals
Single-crystal X-ray diffraction
For each of the four compounds, a suitable crystal was captured in a glass capillary 0.3-0.5 mm in diameter (Charles Supper Co.) with either diluted growth solution or Millepore-filtered ultrapure water (18 M⍀ resistance) and immobilized with high-vacuum silicone grease (Dow Corning). Each encapsulated crystal was mounted on a Bruker PLATFORM three-circle X-ray diffractometer operated at 50 keV and 40 mA and equipped with a 4K APEX CCD detector with a crystal-to-detector distance of 4.7 cm. Data were collected at room temperature using graphite-monochromatized MoK␣ X-radiation and frame widths of 0.3 o in . Details of the data acquisition and refinement parameters are provided in Table 2 . The intensity data were reduced and corrected for Lorentz, polarization, and background effects using the program SAINT (Bruker 1998a), and the unit-cell dimensions were refined using least-squares techniques. Comparison of the intensities of equivalent reflections measured at different times during data acquisition showed no significant decay for any of the compounds.
Space group Pnma was assigned to SrUP11 and SrUAs11, by analogy with the structure refinement of synthetic autunite, Ca[(UO 2 )(PO 4 )] 2 (H 2 O) 11 (Locock & Burns 2003a ). Systematic absences of reflections for synthetic heinrichite were consistent with space groups Pn and P2/n (alternative settings of space groups Pc and P2/c, respectively). The unit cell of synthetic heinrichite can be transformed between these settings by the matrix [100/010/101]. Systematic absences of reflections for meta-uranocircite I are consistent with space groups P2 1 and P2 1 /m, and assigning phases to a set of normalized structure-factors gave a mean value of |E 2 -1| of 0.784, consistent with space group P2 1 . Trial solutions were obtained for both space groups, but reasonable interatomic distances were obtained only in the case of P2 1 .
Scattering curves for neutral atoms, together with anomalous dispersion corrections, were taken from International Tables for X-ray Crystallography, Vol. C (Wilson 1992) . The SHELXTL Version 5 series of programs was used for the solution and refinement of the crystal structures (Sheldrick 1998 ).
Refinement of the structures
All four structures were refined on the basis of F 2 for all unique data. In the final cycle of each refinement, the mean parameter shift/esd was 0.000. As is common in heavy-atom structures, the location of each H atom in the unit cell was not determined for any of these compounds because of the minimal contribution of H atoms to the diffracted intensities.
The crystal structures of SrUP11 and SrUAs11 were refined using the non-H atom positions of Locock & Burns (2003a) for autunite as a starting point. For SrUP11, a structure model including anisotropic displacement parameters for all atoms converged, and gave an agreement index (R1) of 3.6%, calculated for the 1853 observed unique reflections (|F o | ≥ 4 F ). The final value of wR 2 was 12.8% for all data using the structurefactor weights assigned during least-squares refinement. In the case of SrUAs11, a structure model including anisotropic displacement parameters for U, As and Sr converged, and gave an agreement index (R1) of 5.2%, calculated for the 2051 observed unique reflections (|F o | ≥ 4 F ). The final value of wR 2 was 19.2% for all data using the structure-factor weights assigned during leastsquares refinement.
The structure of synthetic heinrichite was solved in space group Pn by direct methods and transformed to space group P2/c by the ADDSYM algorithm in the program PLATON (Le Page 1987 , Spek 2003 , as use of direct methods to solve the structure of heinrichite in P2/n yielded an inappropriate pseudosolution. A structure model including anisotropic displacement parameters for all non-H atoms converged, and gave an agreement index (R1) of 4.3%, calculated for the 3298 observed unique reflections (|F o | ≥ 4 F ). The final value of wR 2 was 10.4% for all data using the structure-factor weights assigned during least-squares refinement.
The structure of synthetic meta-uranocircite I was solved in space group P2 1 by direct methods, and a structure model including anisotropic displacement parameters for U, P and Ba converged. Because synthetic meta-uranocircite I was solved in a non-centrosymmetric space-group, and is pseudo-orthorhombic, with a ␤ angle close to 90° (Table 2) , the inversion twin law [100/ 010/001] and a pseudo-orthorhombic twin law [100/ 010/001] were applied simultaneously, and the structure was refined according to published methods (Jameson 1982 , Herbst-Irmer & Sheldrick 1998 , yielding an agreement index (R1) of 5.2%, calculated for the 4889 observed unique reflections (|F o | ≥ 4 F ). The inversion and pseudo-orthorhombic twin scale-factors refined to 12(1)% and 70.7(1)%, respectively, consistent with asymmetrical distributions of the twin components. The final value of wR 2 was 11.0% for all data using the structure-factor weights assigned during least-squares refinement. The refined solution obtained for synthetic meta-uranocircite I was checked with the ADDSYM algorithm in the program PLATON (Le Page 1987 , Spek 2003 ; no higher symmetry was found. The structure refinement of synthetic meta-uranocircite I leads to the cell contents: Ba[(UO 2 )(PO 4 )] 2 (H 2 O) 7 , with Z = 2 and D calc = 3.88 g/mL. Note that this hydration state differs from that reported by Barinova et al. (2003) O groups were found in the top 200 peaks of the final difference-Fourier map. The final structuremodel was subjected to cavity analysis using the program ATOMS (Dowty 2000) . No cavity with a radius greater than 2.0 Å was found in the structure model, consistent with the lack of further H 2 O groups in this structure. The validity of the cavity analysis was established by examination of the structure model of synthetic meta-uranocircite I with the O(19)W position vacant. In this unoccupied case, analysis revealed a cavity with radius 2.48 Å at atom coordinates (x, y, z) 0.14, 0.92, 0.32, within 0.22 Å of the refined position of the O(19)W H 2 O group, thus supporting the reliability of this approach.
The positional parameters of atoms are given in Table 3 for SrUP11, Table 4 for SrUAs11, Table 5 for synthetic heinrichite, and Table 6 for synthetic metauranocircite I. Selected interatomic distances are listed in Table 7 for SrUP11, Table 8 for SrUAs11, Table 9 for synthetic heinrichite, and 6 , have previously been reported in the literature , Khosrawan-Sazedj 1982 . However, SrUAs8 was refined in the non-centrosymmetric space-group Pc, and meta-uranocircite II was reported in the non-standard space-group P2 1 /a, with ␥ = 89.95°. Both structures were tested with the ADDSYM algorithm in the program PLATON (Le Page 1987 , Spek 2003 . The structure of SrUAs8 was transformed to space group P2/c, which yielded improved interatomic distances: <U(1)-O ap > 1.79 Å, <U(1)-O eq > 2.27 Å, <As(1)-O> 1.68 Å, and <Sr(1)-O> 2.65 Å. The structure of meta-uranocircite II was reset in the standard space-group P2 1 /c; the matrix for transformation to the standard setting is [010/001/100], yielding a 9.882(3) Å, b 16.868(3) Å, c 9.789(3) Å, ␤ 90.05(2)°. Revised positional parameters of the atoms in SrUAs8 and meta-uranocircite II are given in Tables 11 and 12, respectively. Bond-valence sums at the non-H cation sites for the four compounds refined herein, and for SrUAs8 and meta-uranocircite II, are presented in Table 13 ; they were calculated using the parameters of Burns et al. (1997) for sixfold coordinated U 6+ , Brown & Altermatt (1985) for P 5+ , As 5+ , Sr 2+ and Ba 2+ . The bond-valence sums are in good agreement with expected formal oxidation states, with the exception of the P(1) position of meta-uranocircite II (Khosrawan-Sazedj 1982) , which is somewhat high (see note to Table 13 ).
DESCRIPTION OF THE STRUCTURES
All four of the compounds investigated contain the well-known corrugated autunite-type sheet as originally described by Beintema (1938) , formed by the sharing of vertices between uranyl square bipyramids and either phosphate or arsenate tetrahedra (Fig. 1) Both SrUP11 and SrUAs11 are isostructural with synthetic autunite (Locock & Burns 2003a) . Their interlayers contain Sr coordinated by seven H 2 O groups with bond lengths in the range 2.45 to 3.04 Å (Tables 7,  8 ). The Sr sites are also located 3.1-3.2 Å from uranyl ion oxygen atoms of the sheets on either side, and thus serve to link the sheets directly (Fig. 2) . The Sr positions in SrUP11 and SrUAs11 refined to 79.5(3)% and 84.0(5)% occupancy (Hawthorne et al. 1995) , respectively; charge balance is interpreted to be maintained by oxonium, in analogy with chernikovite, H 3 O[(UO 2 ) (PO 4 )](H 2 O) 3 (Atencio 1988 , Morosin 1978a . Two additional H 2 O groups are located in the interlayer, where they are held in position only by hydrogen bonds. Although H positions were not determined in these two structures, a network of hydrogen bonds similar to that found in autunite is proposed on the basis of O...O interatomic distances in the range 2.7-3.0 Å (Tables 7, 8 , Fig. 3 ), in accord with the usual D...A separations found for hydrogen bonds (Jeffrey 1997) . Four interlayer H 2 O groups are linked by hydrogen bonding to form square planar sets. Hydrogen bonds extend from this set to acceptors in the sheets (the anions at the equatorial vertices of uranyl square bipyramids that are also shared with tetrahedra), and to interlayer H 2 O groups that are bonded to Sr (Fig. 3) .
The interlayer of synthetic heinrichite contains Ba in ten-fold coordination by four symmetrically independent H 2 O groups and one oxygen atom from a uranyl ion (Fig. 4) , with a mean Ba-O interatomic distance of 2.89 Å ( Table 9 ). The uranyl arsenate sheets are linked directly through the bonds from the apical oxygen atoms of the uranyl ion to the Ba position (Fig. 4) . One symmetrically independent H 2 O group is held in position solely by hydrogen bonds. A possible network of hydrogen bonds (not illustrated) can be suggested on the basis of O…O interatomic distances in the range 2.7- 3.1 Å (Table 9) . Despite having been synthesized in a gel environment in which the nominal molar Ba:Ca ratio was 10:1, the synthetic heinrichite does not seem to have incorporated any significant amount of Ca into its structure; the occupancy of the Ba position refined to 100%. The interlayer of synthetic meta-uranocircite I contains Ba in nine-fold coordination by six symmetrically independent H 2 O groups, two uranyl ion oxygen atoms, and one phosphate oxygen atom (Fig. 5) , with a mean Ba-O interatomic distance of 2.87 Å (Table 10 ). The uranyl phosphate sheets are linked directly through the bonds from the phosphate oxygen atom and the uranyl ion apical oxygen atom to the Ba position (Fig. 5) . One symmetrically independent H 2 O group, O(19)W, is held in position solely by hydrogen bonds. A unique network of hydrogen bonds cannot be proposed for synthetic meta-uranocircite I on the basis of O…O interatomic distances, because of the excessive number of such distances in the range 2.6-3.1 Å. As in synthetic heinrichite, the Ba position in synthetic meta-uranocircite I refined to full occupancy, even though the nominal molar Ba:Ca ratio was 1:2 in the hydrothermal synthesis.
DISCUSSION
Meta-uranocircite I, meta-uranocircite II, metaheinrichite
Collection of preliminary X-ray data from an unencapsulated crystal of synthetic meta-uranocircite I revealed that the heat generated by absorption of the impinging X-ray beam caused the dehydration of the crystal to (presumably) meta-uranocircite II, in accord with the observations of Walenta (1965a Walenta ( , 1963 (Fig. 5) . In synthetic metauranocircite I, the Ba atoms lie in the same plane but are isolated from each other, with a minimum Ba-Ba distance of 6.94 Å. In meta-uranocircite II, the Ba atoms are separated by a minimum distance of 4.61 Å, and the coordination environments of the Ba atoms share two H 2 O groups, forming a pair of edge-sharing BaO 9 polyhedra (Fig. 3 of Khosrawan-Sazedj 1982) .
On the basis of the similarity of the cell dimensions of synthetic meta-uranocircite I and metaheinrichite (Gross et al. 1958 , Walenta 1965a , b 1963 , it is likely that these species are isostructural. Metaheinrichite is predicted to have the formula Ba[(UO 2 )(AsO 4 )] 2 (H 2 O) 7 , with expected crystal-data: monoclinic, space group P2 1 , a 7.08, b 17.7, c 7.09 Å, ␤ 90.02°, V 889 Å 3 , Z = 2, D calc 4.0 g/mL. Metaheinrichite probably also exhibits an inversion and pseudomerohedral twinning like that found in meta-uranocircite I. A lower hydrate in the system Ba-U-As-H 2 O analogous to meta-uranocircite II has not yet been described.
Heinrichite and uranocircite
Heinrichite was originally assumed by Gross et al. (1958) and Walenta (1965a, b) to be tetragonal, despite the observation of biaxial optical properties. The cell dimensions and density given by Walenta (1965a, b) , a 7.13, c 20.56 Å, D calc 3.61 g/mL, are in fair agreement with the data presented herein for heinrichite, but set in space group P2/n: a 7.155(1), b 7.134(1), c 20.733(3) Å, ␤ 95.38(1)°, D calc 3.58 g/mL. Because of the identical chemical composition, and close resemblance of the cell dimensions, the synthetic material investigated here is presumed to be identical with natural heinrichite.
It did not prove possible to refine the structure of uranocircite to a satisfactory level of accuracy in the course of this study. Gel synthesis had been undertaken in the same manner as for heinrichite, but with the use of 0.1 M phosphoric acid instead of hydrogen arsenate. However, aggregates of synthetic uranocircite were refined rather than single crystals. The best crystal from the synthesis was encapsulated and examined on a threecircle X-ray diffractometer, but proved not to be a single crystal. Figure 6 illustrates the difficulty in choosing a single crystal from this synthesis for X-ray study. Although under plane-polarized light a given crystal may appear ideal, under crossed-polarized illumination, the absence of consistent interference-colors and lack of uniform extinction are consistent instead with the presence of two (or more) crystals. The optical effects under crossed-polarized illumination from the intergrown crystals can be subtle and may be enhanced by the use of an anisotropic background (such as polystyrene) and an accessory plate.
Owing to the impracticality of determining the quality of the centering of a crystal aggregate encapsulated in a fluid-filled capillary, a refinement of the structure of synthetic uranocircite is not presented here. However, sufficient data were collected to establish the unit-cell dimensions. The orientation matrix of the dominant crystal component was resolved using GEMINI software (Bruker 1998b): a 7.01, b 6.99, c 20.7 Å, ␤ 95.3°, space group P2/n (as corrections were not made for the degree of overlap of reflections from the intergrown crystals, estimates of uncertainty for the cell dimensions are not given). These dimensions are similar to the a and c dimensions of uranocircite given by Walenta (1963 Walenta ( , 1965a , and to the cell of synthetic heinrichite in space group P2/n cited above, if allowance is made for changes in the cell dimensions resulting from the replacement of P for As. Although the refined structure of synthetic uranocircite is not presented in this work, it is presumed to be isostructural with heinrichite because of the similarity of their cell dimensions, and the general isotypism of chemically similar uranyl phosphates and uranyl arsenates of the autunite and meta-autunite groups, e.g., torbernite and zeunerite, metatorbernite and metazeunerite (Locock & Burns 2003b Walenta (1963 Walenta ( , 1965a , the formula 
Strontium: solid solution and uranospinite
SrUP11 and SrUAs11 are isostructural with autunite (Locock & Burns 2003a) , and thus the incorporation of Sr in solid solution in autunite and meta-autunite (Leo 1960 , Volborth 1959 ) is readily explained. On the basis of the isotypy of SrUP11 and SrUAs11, uranospinite is predicted to be isostructural with autunite, and to have the formula Ca[(UO 2 )(AsO 4 )] 2 (H 2 O) 11 . The cell dimensions of the Sr compounds change (a +0.34 Å, b -0.05 Å, c +0.17 Å) with the substitution of As for P; therefore, crystal data for uranospinite may be estimated: orthorhombic, space group Pnma, a 14.35, b 20.66, c 7.17 Å, V 2125 Å 3 , Z = 4, D calc 3.3 g/mL. The estimated unit-cell dimensions for uranospinite are in good agreement with the tetragonal subcells presented by Walenta (1965a,b) and Weigel & Hoffmann (1976) : a 7.15-7.17, c 20.61 Å.
Considerable efforts were made to synthesize uranospinite by diffusion-in-gel methods, but single crystals were not obtained. Although a number of apparent single crystals of uranospinite were examined on the three-circle X-ray diffractometer, these proved to have cell dimensions several times larger those reported by powder methods (e.g., 41 to 83 Å), and were interpreted to be crystal aggregates. The same effect was observed in an earlier synthesis of SrUAs11, for which the refined unit-cell was a 41.958(6), b 14.395(2), c 7.175(1) Å, and the structure solved in space group Cmma to an agreement index R1 = 3.5%, with every second interlayer perfectly half-occupied but having twice as many independent positions of atoms. These pseudosolutions and large unit-cell dimensions may be attributable to the tendency of autunite-group compounds to grow as subparallel aggregates along their basal surfaces, as illustrated in Figure 6 . Evidently, some compounds with the autunite sheet are particularly gregarious, which greatly complicates the determination of their structures.
